Introduction
A major hurdle toward mutation detection in practical samples such as tissue biopsy samples or circulating DNA is that the mutation of interest (mutant DNA) may be present in low copy numbers (minority) in a mixed population of higher copy number wild-type DNA (majority). Even at the primary tumor site for many cancers, the normal stromal cell content can be as high as 70%. 1 Therefore, there is a need to develop technology that can identify accurately one or more low-abundant mutations at multiple adjacent, nearby, and distal loci in a large number of genes (multiplexed assays) with samples containing high stromal cell infiltration.
One technique that can distinguish low-abundant mutant DNA from wild-type DNA is the ligase detection reaction (LDR) coupled to a primary polymerase chain reaction (PCR). [2] [3] [4] [5] [6] [7] In the PCR/LDR assays, following PCR amplification of the appropriate gene fragments, which contain sections of the gene(s) that possess the point mutations, the amplicon is mixed with two LDR primers (common primer and discriminating primer) that flank the mutation of interest at an appropriate temperature. The discriminating primer contains a base at its 3′-end that coincides with the single base mutation site. If there is a mismatch, no ligation of the two primers will occur. On the other hand, a perfect match results in a successful ligation of the two primers and produces a product that can be analyzed in a variety of fashions such as gel electrophoresis 3, 4, 7 and hybridization. 2, 5, 6 However, those post-LDR processes to separate the LDR products from the residual primers prior to detection are cumbersome, are the most time-consuming step in the entire assay procedure, making it difficult to quickly determine if mutated DNAs are present in samples.
Several fluorescence resonance energy transfer (FRET)-based molecular probes, [8] [9] [10] [11] [12] [13] whose fluorescence signals change as a result of hybridization or enzymatic reactions, have been developed to enable separation-free detection of DNA. Here, we report a LDR/FRET system capable of detecting mutated DNA in a mixed population of higher copy number wild-type DNA in a separation-free format. A conceptual schematic of the system is depicted in Fig. 1 . This system uses quantum dots (QDs) which have been demonstrated to be able to undergo FRET phenomena and to be good candidates for energy donors due to their great photophysical properties, such as size-tunable photoluminescence spectra, broad absorption and narrow emission wavelengths and high quantum yields. 8, 14, 15 The present LDR reaction employs a discriminating primer labeled with a fluorophore, which functions as a FRET acceptor, and a common primer labeled with a biotin. A correct discrimination of the mutation site of the target DNA by the discriminating primer leads to a successful ligation of the two primers by Taq DNA ligase. The ligated products (LDR products) are then captured by streptavidin-functionalized quantum dots (QDs), which can act as a FRET energy donor, through biotin-streptavidin binding, leading to a local concentration of the LDR products in a nanoscale domain. The resulting conjugate brings the fluorophore acceptors and the QD donor into close proximity, resulting in fluorescence emission from the acceptors by means of FRET on illumination of the donor. As a consequence, emission from the acceptor indicates the presence of single-point mutations. As none of the DNA strands in the solution, except for the LDR products, participate in FRET and all are non-fluorescent by excitation of QDs, the removal of those strands is unnecessary; this useful result significantly reduces the total analysis time required for the LDR-based mutation detections. We have developed an analytical system capable of detecting point mutations in a higher copy number of wild-type DNA based on an allele-specific ligase detection reaction (LDR) in conjunction with fluorescence resonance energy transfer (FRET). Streptavidin-functionalized quantum dots (QDs) used as FRET donors effectively captured biotinylated LDR products (target DNA strands) labeled with fluorophores as a FRET acceptor, enabling the formation of a sensitive energy transfer pair and direct detection of the targets without any post-LDR separation process, which is generally required for the LDR-based mutation analysis. Our experiments indicated that the present system had an ability to detect one mutant sequence in 10 normal sequences at a signal-to-background ratio of ca. 3.9. 
Experimental

DNA extraction and PCR amplification
Cell lines of known K-ras genotype (HT29, wild-type; LS180, G12D) were obtained from The American Type Culture Collection (ATCC). Genomic DNA was extracted from the cell lines using Wizard SV genomic DNA purification system (Promega, Madison, WI). PCR amplifications were carried out using a commercial thermal cycling machine (Eppendorf Japan, Tokyo, Japan) in 50 μL of 1XPCR buffer (pH 8.3) (Kapa Biosystems, Woburn, MA) containing 2.5 mM MgCl2, 300 μM dNTPs, 500 nM forward and reverse primers, and 2 fM of genomic DNA. The primers used were: forward = 5′ TTA AAA GGT ACT GGT GGA GTA TTT GAT A 3′; reverse = 5′ AAA ATG GTC AGA GAA ACC TTT ATC TGT 3′. After a 2-min denaturation step, 1.25 units of Kapa Taq Extra DNA polymerase (Kapa Biosystems) was added under hot start conditions and amplification was achieved by thermal cycling for 20 cycles at 94 C for 15 s, 60 C for 30 s, 72 C for 18 s and a final extension at 72 C for 1 min. PCR products were electrophoretically sorted using 2% agarose gel for quantification and stored at -20 C until required for the LDR.
LDR protocol
LDRs were executed in a total volume of 50 μL in 0.2-mL polypropylene microtubes using the commercial thermal cycling machine (Eppendorf Japan, Tokyo, Japan). The reaction cocktail typically employed in this work consisted of 20 mM Tris-HCl (pH 8.3), 100 mM KCl, 10 mM Mg(CH3COO)2, 10 mM DTT, 1 mM NAD + (nicotinic adenine dinucleotide, a cofactor for ligase enzyme), 0.1% Triton X-100, 100 nM discriminating primer labeled with fluorophore (Alexa Fluor 647, Invitrogen, Carlsbad, CA), 100 nM biotinylated common primer (see Table 1 for sequences of the primers), a mixture of PCR products (wild-type and mutant DNA), and 0.4 U/μL of Taq DNA ligase enzyme (New England Biolabs, Beverly, MA). The concentration ratio of the mutant-to-wild-type DNA was adjusted from 0:1 (mutant/wild-type, control) to 1:100 with a fixed wild-type DNA concentration (10 nM). The LDR cocktail was preheated to 94 C for 2 min and then subjected to 20 LDR thermal cycles using the following the temperatures: 94 C for 30 s; 55 C for 2 min.
Post LDR sample treatment for FRET donor-acceptor conjugation
After the ligation reaction, a 10-μL aliquot was removed and diluted with 39 μL of 10 mM Tris-HCl buffer (pH 7.4). The mixture was then heated at 94 C for 2 min to denature primer/template duplexes, followed by cooling on ice for 3 min. One microliter of 100 nM streptavidin-functionalized QDs (Qdot 605 streptavidin conjugate, Invitrogen, Carlsbad, CA) was added into the mixture to capture the biotinylated LDR products. The resulting solution was injected into a fused-silica capillary tube (i.d., 75 μm; o.d., 150 μm) and subjected to FRET measurements using the optical setup described below.
Experimental setup for detecting FRET signals
A fluorescence spectroscope (IX71; Olympus, Tokyo, Japan) was used for detecting emission from the fluorophores via energy transfer. A mercury lamp was used as an excitation light source. The excitation light filtered by a bandpass filter (415WB100; Omega Optical, Brattleboro, VT) was reflected by a dichroic mirror (475DCLP, Omega Optical) and focused by a 10x/0.30 N.A. objective lens to excite a sample in the capillary 
Results and Discussion
Evaluation of QD605/Alexa 647 FRET pair
The choice of QD605 and Alexa647 as an energy transfer pair allows small spectral crosstalk between the donor and acceptor emissions (see Supporting Information, Fig. S1 , for their absorption and emission spectra). Also, the broad range of excitation wavelengths of QDs allows sample excitation at a wavelength near the minimal of the Alexa647 absorption spectrum, significantly reducing interference from direct excitation of Alexa647. Although the choice of energy transfer pairs with smaller crosstalk results in a decrease in the overlap between the donor emission spectrum and the acceptor excitation spectrum, the QD donors have the capability of capturing several acceptors (5 -10 streptavidins on each QD according to the manufacture's product spec sheet), which helps to enhance the overall energy transfer efficiency. Therefore, it is expected that efficient energy transfer between QD605 and Alexa647 could still be achieved by increasing the number of acceptors linked to the donor.
We observed the change in fluorescence spectra at different values of acceptor/donor ratio (R) using synthetic single-stranded oligonucleotides to investigate if the present pair can show efficient energy transfer (Fig. 2) . In the negative control experiment (R = 0), in which the Alexa647-labeled oligonucleotides (the discriminating primer in Table 1) were not linked to QDs due to the absence of biotin tag, the spectrum shows a large peak at 605 nm but a value close to zero at 667 nm, indicating that fluorescence were only emitted from QDs and that direct excitation of the acceptors is minimal in spite of even 200 times higher acceptor concentration than that of the donor. This near zero acceptor fluorescence background suggests high detection specificity in the present system. On the other hand, when mixtures of QDs and the oligonucleotides labeled with Alexa647 and biotin at their ends (the synthetic 32-mer strand in Table 1 ) were applied, a second peak appeared around 667 nm with decrease in the intensity of the first peak due to energy transfer from QDs to Alexa647. Although low energy transfer efficiency was detected when R was 25 (data not shown), the energy transfer efficiency was enhanced with increases in R. Ratios of signal intensities at 667 to 605 nm were 0.007, 0.023 and 0.051 when the values of R were 25, 100 and 200, respectively, showing the increase in the number of the acceptors linked to the donor with the higher value of R. With its further increase, the acceptor/donor ratio might eventually reach a critical point above which Alexa647 photoluminescence is quenched due to excessive acceptors in a nanoscale domain. Our gel electrophoresis experiments for the target LDR product quantification showed that the product amount obtained under the present LDR conditions was up to ~20 nM. The LDR product solution was subsequently diluted 5 times with 10 mM Tris-HCl buffer (pH 7.4) for the incubation with 2 nM QD605 (i.e. R ~2 at the very most); hence, concentration quenching could not take place in the present study. The energy transfer events even in the presence of only a few targets (30 or less) on each QD mean that the present method is effective for detecting low-abundance targets. The Förster distance (R0) for QD605/Alexa647 pair was calculated to be 71.5 Å by Nikiforov et al. 16 Judging from the reported Förster distance, the QD605-Alexa647 separation distance in the present study seems to be within the range of ~143 Å (2R0) in the presence of 32-mer potential spacer between QD605 and Alexa647.
Mutation analysis by the LDR/FRET
The sensitivity of LDR/FRET was determined by reconstructing samples containing known amounts of mutant DNA (derived from cell lines) with a fixed copy number of wild-type DNA (10 nM). Mutant G12D (codon 12 GGT to GAT mutation), which is the most commonly found mutation in K-ras, and wild-type G12G were PCR-amplified independently and then mixed in known copy numbers, followed by LDR and dispatching QDs to the resulting solutions sequentially. We examined signals from correct ligation with the mutant template and background signals generated from misligations occurring from the wild-type template using the mutant G12D-specific discriminating primer. Fluorescence from sets of three samples (positive control, negative control, and blank) in the individual capillaries was imaged at once by the EMCCD camera (Fig. 3A) . The acquired fluorescence images were integrated over lanes (i) and (ii) with an image integration software (Fig. 3B) . The weak fluorescence signals from the blank sample, which lacked any template in the reaction, are the intrinsic backgrounds in the present detection system. When only wild-type template was added into the reaction mixture as the negative control sample, larger signals than the system background were observed, indicating induction of energy transfer events by generation of a trace amount of T/G mismatched products. Although the FRET signal could not clearly be distinguished from that of the negative control sample when 0.1 nM K-ras G12D mutant was added into the reaction mixture along with 10 nM G12G (see lane (ii) in Fig. 3A and the dashed line in Fig. 3B ), an incorporation of 1 nM mutant into the reaction mixture (the mutant-to-wild-type ratio of 1:10) enabled one to discriminate the mutation signal (a vast majority of T/A matched products) from noise (signal from mismatched product) at a signal-to-noise ratio (SNR) of ca. 3.9, as shown in Fig. 3C , with regards to the total fluorescence counts at the indicated capillary areas in Fig. 3A . Fig. 2 The fluorescence spectrum was measured with an excitation wavelength of 400 nm at each acceptor/donor ratio (R) as shown, using a FP-6500 spectrometer from Nippon Bunko (Tokyo, Japan). The QD605 concentration was fixed at 2 nM. The arrows indicate the increasing ratio R. The control is the excitation of the mixture of QDs and 400 nM non-biotinylated oligonucleotide labeled with Alexa647 (see Table 1 ).
The same LDR products as used for the FRET experiments were also analyzed by polyacrylamide gel electrophoresis as a reference experiment (see Supporting Information, Fig. S2 ). Fluorescence from the product band was imaged by a fluorescence scanner and the resultant band was integrated over each separation lane with image integration software. The gel band produced from the mutant allele (matched ligation product) was distinguished from the noise (mismatched product) at a SNR >2.0 even with a mutant-to-wild-type ratio of 1:100. The amount of fluorescence from the product band should be proportional to the product amount in the gel electrophoresis experiment.
Therefore, the differences in discriminating limitation between the two procedures indicate that FRET signal intensity from the donor/acceptor assembly does not directly reflect the ligated product amount generated in the LDR phase.
In spite of its lowered discriminating capability, the FRET approach can still be attractive toward mutation detection because it can greatly reduce processing time, as mentioned below.
We applied 30 min incubation time at room temperature to capturing of the biotinylated LDR products by the streptavidin-functionalized QDs after the completion of the LDR amplification. The post-LDR processing is straightforward and much less time-consuming as compared to the conventional gel electrophoresis and hybridization techniques, which normally require several hours at least. Implementing longer binding times (~3 h) did not enhance the relative detection sensitivity of the mutations (SNR of ca. 3.4) because the background due to the mismatched products increases at the same level as the matched ligation products, as shown in Fig. 4 (compare to Fig. 3 ).
Conclusion
We selected QD605/Alexa647 FRET pair and demonstrated that the incorporation of QDs could significantly reduce the background fluorescence, which was encountered by conventional organic FRET probes, since direct excitation of acceptors became minimal. Further, the FRET signal was amplified by simply increasing the number of acceptors linked to the donor. These features allowed the pair to effectively generate a distinct FRET signal distinguishable from background in the presence of high excess acceptors. Next, we applied the LDR/FRET system to the detections of K-ras point mutations in a mixed population of higher copy number wild-type DNA. The mutation signal from matched product could be distinguished from noise (signal from mismatched product) at a sensitivity level of 1:10. The separation-free format of the present system significantly reduced the total processing time required for the LDR-based mutation detection.
